ORBIDITY AFTER MODERATE-TO-MAJOR surgery remains a current issue, with perioperative organ dysfunction being responsible for a significant portion of these unfortunate events. The topic of perioperative goal-directed therapy (GDT), defined as the deliberate optimization of hemodynamics and oxygen delivery using intravenous fluid and/or vasoactive infusions, has been increasing in popularity over the last 20 years because of its proven benefit in reducing perioperative risk. This benefit likely is because of a reduction in tissue dysoxia and avoidance of organ dysfunction. Over time, perioperative GDT has been demonstrated to have both morbidity and mortality benefits for high-risk patients undergoing high-risk surgery, and there is ongoing work to define the optimal patients and situations for perioperative GDT. The authors review the history and supporting evidence behind perioperative GDT. In addition, the authors will discuss the evidence behind 2 key concepts within their current knowledge of perioperative GDT: Monitors and fluids. Finally, the authors hope to outline the status of their current knowledge regarding perioperative GDT, as well as remaining unanswered questions. The authors completed this review by searching prominent biomedical databases with the terms "perioperative" and/or "goal-directed" and "therapy", as well as "fluids", "GDT", and "hemodynamic optimization." In addition, the authors manually have searched the references of past reviews and original investigations for related papers.
DEFINING PERIOPERATIVE GDT
The primary role of anesthesiologists is to mitigate risk and improve outcomes throughout the perioperative period. While shepherding patients through the pre-, intra-, and postoperative periods, there are seemingly endless hazards to avoid and details to be checked to provide optimal care. However, despite the unique details of each and every surgical procedure, the final common pathway in many perioperative organ insults is tissue dysoxia or an imbalance between oxygen supply and demand. 1 As such, an important way in which the authors are able to reduce perioperative risk and improve outcomes is through ensuring optimal end-organ perfusion during surgery.
Adverse outcomes have been associated with both underand over-resuscitation. 2 Inadequate intraoperative resuscitation can lead to inadequate end-organ perfusion, 3 which may worsen perioperative outcomes. 2 Conversely, excessive intraoperative fluid volumes or over-resuscitation can result in increased intra-as well as extravascular volumes, which may precipitate peripheral and/or pulmonary edema. Certain surgical types, such as gastrointestinal and thoracic surgery, necessitate diligent attention to preventing perioperative fluid overload, as this may impair gastrointestinal 2 and pulmonary 4 function. To try to address this need for optimal tissue oxygen delivery, the concept of goal-directed therapy was introduced, whereby hemodynamic parameters and/or oxygen delivery are monitored closely (typically using flow-based monitors) and optimized with fluids and/or inotropes.
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A BRIEF HISTORY OF PERIOPERATIVE GDT Given the remarkably high mortality and morbidity in elderly hip fracture patients in the early days, Schultz et al 6 demonstrated an impressive reduction in mortality (2.9% v 29%) by instrumenting patients with a pulmonary artery catheter (PAC) and performing nonspecific preoperative optimization. The concept of goal-directed hemodynamic optimization began in earnest, however, with the work of Shoemaker et al, 7 who in 1988 showed that placement of a PAC and attainment of supraphysiologic hemodynamic parameters (ie, CI Z 4.5 L/min/m 2 , DO 2 Z 600 mL/min) were associated with a greater chance of survival in high-risk surgical patients. In addition, Shoemaker et al 8 conducted a prospective cohort study of 300 surgical patients with septic shock and discovered that survivors had a higher cardiac index as well as higher oxygen consumption and delivery. Drawing on this work, other investigators tested early GDT protocols and found decreased mortality in patients who received preoperative PAC and hemodynamic optimization.
9 From these discoveries came the concept of superoptimization or using vasopressors and inotropes to target supranormal indices of cardiac performance and oxygen delivery. Superoptimization has been associated with mixed outcomes. Using inotropes to increase oxygen delivery (DO2) during surgery decreased perioperative morbidity and mortality in high-risk surgical patients 9 as well as patients undergoing major elective surgical procedures. 10 In addition, patients undergoing cardiothoracic surgery, 11 as well as major general surgery, 12 whose oxygen delivery was superoptimized upon arrival in the intensive care unit (ICU) had decreased hospital length-of-stay (LOS). However, studies utilizing superoptimization in septic 13 as well a mixed group of critically ill ICU patients 14 have not demonstrated an effect on mortality. However, these studies have been critiqued for starting resuscitation 412 hours after arrival to the ICU, after patients perhaps had irreversible tissue dysoxia and organ damage.
Not 
ESTABLISHED BENEFITS OF GDT
Perioperative GDT repeatedly has been associated with improved outcomes following moderate-to-major surgery, including shorter hospital LOS, fewer ICU admissions, fewer GI complications, and decreased rates of acute kidney injury. 2, 3, [16] [17] [18] [19] [20] [21] Excitingly, there are emerging data that suggest a long-term survival benefit (up to 15 years postoperatively) in ICU patients who underwent perioperative GDT associated with high-risk surgery. 22 In addition, there are 2 recent metaanalyses that show mortality and morbidity benefits in patients undergoing perioperative GDT. 23, 24 However, a recent large multicenter prospective trial of hemodynamic optimization versus usual care in high-risk patients undergoing major gastrointestinal surgery showed no difference in postoperative morbidity or mortality, although an up-to-date meta-analysis including these data still shows a reduction in morbidity with perioperative GDT. 25 A brief overview of the supporting evidence for perioperative GDT will be reviewed here.
By optimizing oxygen delivery, GDT may improve perfusion of microvascular beds in the splanchnic circulation, thus improving postoperative bowel function. Two recent metaanalyses have shown reductions in postoperative nausea and vomiting (PONV) and ileus, 26 as well as a faster return of normal GI function, 18 in patients receiving perioperative GDT. Of note, these reviews and others 27 have found significantly fewer postoperative complications and shorter hospital LOS in GDT patients. A 2009 meta-analysis showed a reduction in both minor (eg, PONV) and major (eg, anastomotic leak) GI complications in patients receiving GDT. 19 These differences may result from improved visceral perfusion as well as an avoidance of interstitial edema, as there are animal data that increased volumes of crystalloid are associated with weaker intestinal anastomoses.
28,29
Though GDT optimizes intravascular volume and oxygen delivery, concerns have been raised 30 that volume expansion during GDT could result in overload and/or cardiac decompensation. Furthermore, routine exposure to vasoactive infusions to optimize oxygen delivery is not without risk. As such, Arulkumaran et al 31 performed a meta-analysis of 22 trials that did not reveal any increase in cardiovascular risk in patients treated with GDT. In fact, they demonstrated a reduction in the risk of cardiovascular complications in patients receiving GDT that was most notable in studies using fluids and inotropes, supranormal oxygen delivery goals, and minimally invasive cardiac output monitors (ie, not a PAC).
32
Ultimately, it would be ideal if the reduction in morbidity associated with GDT led to a reduction in perioperative mortality. In fact, 3 recent reviews demonstrated that GDT reduced perioperative mortality, potentially by reducing the number of postoperative complications. In a meta-analysis of 32 trials of perioperative GDT focusing on maintaining tissue perfusion (ie, optimizing cardiac index and/or DO2 or oxygen consumption), Gurgel and do Nascimento 23 found that although GDT reduced the incidence of organ dysfunction in all patients, it reduced mortality only in cohorts in which the baseline perioperative mortality exceeded 20%. In addition, a meta-analysis of 29 trials of perioperative GDT with various goals and monitoring techniques by Hamilton et al 24 found reductions in morbidity and mortality in GDT patients, but did note that subgroup analyses showed a mortality benefit predominantly in older trials, trials using a PAC, trials utilizing vasoactive infusions, and those targeting supranormal values. Similarly, Poeze et al 33 found decreased odds of mortality in perioperative GDT patients while noting in subgroup analyses that this benefit was found only in patients in whom supranormal values were targeted. Together, these data may suggest that perioperative GDT reduces a vast array of complications, and may reduce mortality in high-risk patient groups who receive aggressive GDT.
IMPORTANT CONSIDERATIONS IN PERIOPERATIVE GDT

Monitors/Goals
Unfortunately, there is no one best endpoint for perioperative GDT. The ideal endpoint would be representative of endorgan perfusion, readily available in the perioperative period, continuous, and reproducible. Traditional pressure-based parameters such as blood pressure (BP), heart rate (HR), CVP, and pulmonary artery occlusion pressure (PAOP or wedge pressure) are appealing as they are readily available. Unfortunately, these measures all fall short as accurate endpoints for perioperative GDT. Both HR and BP have been demonstrated to be insensitive indicators of volume status, 26 and it has been proposed that an intraoperative goal of normotension is inferior to GDT. 34 The utility of CVP and PAOP as measures of preload have been questioned in both healthy volunteers 35 and critically ill patients, 36 and some investigators have shown no benefit and increased complications in high-risk surgical patients receiving a PAC. 37 However, a recent meta-analysis of perioperative GDT demonstrated a morbidity reduction regardless of the monitoring technique, but a mortality reduction only in patients monitored with PAC. 24 Flow-based parameters such as SV and cardiac output (CO) increasingly are being used for perioperative GDT. Although the "gold standard" for CO measurement is the PAC, the rare complications associated with PAC insertion prompted the development of alternative, often less-invasive, monitors. The esophageal Doppler (EDM) is a thin probe placed in a patient's esophagus that measures descending aortic blood flow and using a nomogram to calculate aortic cross-sectional area, transforms this into CO and SV. 38 The EDM is accurate for use in GDT, 17 ,39 where its use has been shown to be superior to usual care in terms of LOS and postoperative complications. 16, 17, 20 Given the broad evidence base supporting the use of the EDM for GDT, it is recommended for use by the National Institute of Health and Clinical Excellence. 40 Pulse contour techniques (eg, LiDCO, FloTrac/Vigileo) use the arterial waveform to calculate CO and SV, and also often will calculate dynamic measures such as stroke-volume variation (SVV) and/or pulse-pressure variation (PPV). Perioperative GDT using the FloTrac/Vigileo has been shown to decrease postoperative wound infection, 41 whereas LiDCO-guided GDT was associated with decreased postoperative complications and shorter hospital LOS.
12 Transthoracic bioimpedance/bioreactance techniques are an emerging area of interest that have been shown to be equivalent to the EDM for perioperative GDT.
42
Dynamic parameters such as SVV, PPV, and pleth variability index (PVI) are gaining popularity as endpoints for perioperative GDT. Intraoperative SVV-guided GDT decreased GI complications in patients undergoing major abdominal surgery, 43 decreased wound infection in high-risk surgical patients, 41 and reduced fluid volumes and nausea/vomiting in thoracic surgery patients. 4 The use of PPV for intraoperative GDT has been shown to decrease length of mechanical ventilation, postoperative complications, and ICU and hospital LOS in patients undergoing high-risk surgery. 44 Both SVV and PPV take advantage of cardiorespiratory interaction over a mechanically ventilated respiratory cycle and are limited by their requirement for somewhat high (Z8 mL/kg ideal body weight) tidal volumes, normal sinus rhythm, and a normal interaction between the right heart and the lungs. 45 PVI and pulse oximetry plethysmographic waveform amplitude (ΔPOP) are completely noninvasive measures that use changes in the pulse oximetry waveform to predict fluid responsiveness.
46,47
Perioperative PVI-based GDT has been associated with lower intra-and postoperative lactate levels in patients undergoing major abdominal surgery.
48,49
Markers of tissue well-being (lactate, SvO2, SCvO2, gastric tonometry) bridge the gap between hemodynamic monitoring and monitoring tissue dysoxia. Although lactate is established as a marker in septic shock, 50,51 lactate has not been wellstudied as an endpoint for GDT. Similarly, SvO2 is not wellstudied in perioperative GDT outside of cardiac surgery, 52 but perioperative GDT with SCvO2, a closely correlated surrogate, 53, 54 has been shown to reduce postoperative complications and hospital LOS in patients undergoing abdominal surgery. 55 Gastric tonometry is not well-studied in perioperative GDT, but has the potential to give information about the splanchnic microcirculation, which has been linked to postoperative complications. 3, 56 In general, monitoring for perioperative GDT is moving toward increasingly less-invasive techniques, 57 in part because of perceived complications of central venous cannulation. At this point, most all of the modern monitors, including the esophageal Doppler monitor, 58,59 the pulse-contour techniques, 60,61 and the transthoracic bioreactance techniques 62, 63 have been validated against the PAC, despite this being an imperfect "gold standard". 64, 65 Recently, investigators have been comparing various minimally invasive monitors to ascertain the convenience and accuracy of each method. Unfortunately, these studies often find wide variability and questionable agreement between 2 noninvasive techniques, including pulse-contour techniques and the EDM, 31,66 as well as bioreactance and EDM. 32 However, high levels of variability also have been found between most all minimally invasive techniques and thermodilution via PAC. 67 This may have to do with imprecision of the reference technique, though, as many studies show acceptable accuracy but unacceptable limits of agreement (precision). 68 Arguably more important than absolute agreement are the ability of various monitors to net similar clinical outcomes. To that end, a recent prospective trial of colorectal surgery patients demonstrated similar outcomes between patients whose perioperative GDT were titrated using a bioreactance technique (NICOM) and the EDM despite wide limits of agreement. 42 Similarly, a meta-analysis of more than 2,000 patients suggested that perioperative GDT reduced morbidity regardless of the monitoring technique used, 24 which has led some investigators to postulate that the benefit of GDT arises from a systematic approach to hemodynamic optimization. 69 How then do the authors reconcile these findings with the assertion that patients whose supranormal oxygen delivery was targeted and whose GDT was guided by PAC had reduced mortality compared to patients with other endpoints? 23, 24 Perhaps the answer lies in the baseline risk of mortality and changes in clinical practice over time. Recent meta-analysis found that the reduction in mortality with perioperative GDT was significant only in patients with an extremely high (420%) mortality rate, and that mortality rate has declined significantly over time. 24, 70 It is likely that patients with the highest risk of mortality benefit most from aggressive GDT (ie, PAC placement, use of vasoactive substances to target supranormal hemodynamic parameters), whereas most patients derive a morbidity benefit from perioperative GDT. Unfortunately, survey data show that there is still an underutilization of perioperative GDT, partially owing to a perceived lack of benefit as well as inadequate availability of or training with various monitors. 71 One emerging area of investigation in perioperative GDT is closed-loop systems for hemodynamic optimization, whereby hemodynamic parameters (typically HR, mean arterial pressure, SV, and a dynamic indicator of preload) are tracked continuously with software designed to meter out intravenous fluids in order to keep patients near the plateau portion of the Starling curve. 72 This approach has been validated against trained anesthesiologists in simulated 72 as well as animal hemorrhage 73 models. In addition, a prospective pilot study utilizing closedloop hemodynamic optimization for high-risk general surgery patients found the system to be successful in keeping patients in the preload-independent state (ie, CI Z 2.5, PPV/SVV r 13%) 485% of the time. 74 This burgeoning technology will require further validation, but is intriguing as a method of obtaining hemodynamic optimization while also allowing anesthesiologists to perform additional higher order tasks (eg, transfusion decisions).
Fluids
The question of which and how much intravenous fluid to use during surgery is a hotly debated topic that has been covered previously in a number of excellent reviews. 2, 75 GDT algorithms typically include a baseline infusion of balanced crystalloid as well as intermittent boluses of colloid to optimize CO, sometimes in addition to vasoactive medications. The use of nonbuffered crystalloids has been associated with more metabolic derangements (hyperchloremia, metabolic acidosis) than buffered fluids, 76 perhaps explaining the dominance of buffered versus nonbuffered fluids in anesthesiology. Colloids were thought to optimize the microcirculation better than crystalloids 77 and are also widely thought to have superior volume-expansion properties, allowing smaller volumes of fluid to be used with improved perioperative outcomes. 78 The use of colloids in the perioperative period has recently come under scrutiny, however, as recent reviews have rebuffed the idea that colloids offer an advantage over crystalloids, 79 and meta-analyses 80 as well as RCTs 81 have pointed to the increased risk of kidney injury and mortality in critically ill patients receiving hydroxyethyl starch. Although in a different patient population, this has prompted further investigation of the issue of crystalloid versus colloid in perioperative GDT. Studies comparing crystalloid-versus colloid-based GDT in both colorectal 82 and neurosurgical 83 procedures have demonstrated lower IV fluid volumes in colloid-based GDT patients without any meaningful clinical differences between the 2 groups. A study comparing balanced crystalloid-versus colloid-based GDT algorithms in patients undergoing cytoreductive surgery for primary ovarian cancer demonstrated lower volumes of intravenous fluids, higher CO, and higher SV in colloid patients, though they found no differences in postoperative complications of LOS.
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It appears that colloids do allow for better volume expansion, but that this is associated with little to no clinical benefit in perioperative GDT, especially when the administered volumes are modest. It may be that perioperative patients are less prone to diffuse capillary leak than septic patients, and, thus, at less risk of harm from synthetic colloids. However, this idea deserves further consideration and study before conclusions are reached. Before the advent of GDT, there was debate as to the relative merits of "wet" 85 and "dry" 86 intraoperative fluid strategies. 2 After GDT was popularized, there have been studies showing improved outcomes primarily with increased fluid volumes with GDT.
17,20,87,88 However, perioperative fluid overload has been associated with adverse outcomes, 89, 90 which has led investigators to compare GDT with restrictive volume regimens. Interestingly, recent studies 91,92 comparing perioperative GDT to restrictive fluid protocols in colorectal surgery found no differences in postoperative outcomes. However, these studies were performed in the context of an Enhanced Recovery After Surgery (ERAS) program, with similar fluid volumes between groups, suggesting perhaps that further study is needed to establish the role of GDT within an ERAS protocol.
CONCLUSIONS AND FUTURE DIRECTIONS
Tissue dysoxia during the perioperative period contributes to morbidity and mortality and may be mitigated by the use of perioperative GDT. The concept of perioperative GDT began initially in the 1980s after observing that patients surviving critical illness had higher indices of cardiac function and oxygen delivery and has become increasingly popular since then. At present, there exists a great deal of evidence that perioperative GDT has multiple benefits in moderate-to-major surgery, including shorter hospital LOS, fewer GI complications, fewer cardiac complications, and decreased rates of acute kidney injury. In addition, there is emerging evidence that GDT confers a perioperative mortality benefit in high-risk patients.
A number of remaining questions exist regarding the optimal conduct of perioperative GDT. At its core, optimal conduct of perioperative GDT requires both a hemodynamic goal and some form of hemodynamic monitor. 5 A number of monitors (ie, PAC, EDM, pulse-contour analyses, thoracic bioreactance) have some evidence base for their use in GDT, with the EDM having the strongest evidence base currently. 45, 75 Further validation of other monitors versus the EDM in terms of clinical outcomes should be undertaken to demonstrate equivalence of these endpoints. In addition, further study and standardization of GDT algorithms should be performed to standardize outcomes. Moreover, it would help to better delineate which patients would benefit from fluids alone versus fluids and vasoactive medications, as well as which populations benefit from individualized optimization versus supranormal hemodynamic goals. 93 Furthermore, the question of which fluids and how much during GDT remains somewhat a mystery, and will continue to benefit from further study. Finally, the burgeoning field of closed-loop hemodynamic optimization continues to mature with further investigation and may one day change the way perioperative GDT is pursued. 
